We evaluated the scattering amplitude of neutral scalar particles at one-loop order in the context of effective field theory of quantum gravity in the presence of a cosmological constant. Our study suggests that quantum gravitational corrections induce an asymptotic freedom behavior to the λφ 4 theory, for a positive cosmological constant. This result hints that a complete theory of quantum gravity can play an important role to avoid the issue of triviality in quantum field theory.
I. INTRODUCTION
In a field theory the observable (renormalized) charge might be screened by quantum corrections, in such a way that the classical theory which describes interacting fields becomes a quantum theory of noninteracting particles, or trivial, at finite energy scale. This phenomenon, known as quantum triviality, appears in theories that are not asymptotically free.
Examples of non-asymptotically free theories are the Quantum Electrodynamics (QED) and the λφ 4 model. In the case of QED, the energy scale in which the theory becomes trivial is known as the location of the Landau pole. Of special interest is the λφ 4 theory, that is closely related to the Higgs sector of the Standard Model (SM) of particle physics and apparently suffers from a similar problem of the Landau pole. In general, the inclusion of other fields can change the asymptotic behavior of the coupling constants, however the question of quantum triviality in Higgs models is still an open problem.
Even though the Einstein's theory of gravity is nonrenormalizable [1] [2] [3] , it can be seen as an effective quantum field theory at energies much below the Planck scale (M P ∼ 10 19 GeV/c 2 ) [4] . From this point of view, it has been argued that gauge constant couplings become asymptotically free when quantum gravitational corrections are taken into account, even if in the absence of gravity they do not present such behavior [5] . The origin of such effect is the raising of quadratic UV divergences induced by quantum gravity corrections. Such proposal have been criticized by several authors suggesting a possible gauge-dependence [6] and the existence of ambiguities in the quadratic UV cutoff dependent part of the effective action [7, 8] .
Using dimensional regularization, Toms evaluated the gauge invariant Vilkovisky De-Witt effective action of the QED coupled to the Einstein gravity in the presence of a cosmological constant, showing that quantum gravitational corrections should make the electric charge asymptotically free [9] , corroborating the Robinson and Wilczek proposal, but in a different (less drastic) manner. The negative contribution to the beta function of the electric charge should be proportional to the cosmological constant, instead a quadratic dependence on the cutoff. In recent years, several articles have been devoted to the discussion of the gravitational corrections to the coupling constants, including scalar models [10] [11] [12] , Yukawa [13] and gauge couplings [14] [15] [16] [17] [18] [19] . In common, all of them employ the techniques of effective action calculations.
The physical motivations in defining the renormalization of the coupling constants (through effective action computations) have also been questioned by the authors of Ref. [20, 21] . They argued that only a scattering matrix computations can be used to define the effective coupling constant with a physical relevance. In particular, they have shown that it is not possible to define the Yukawa coupling in an universal way. Considering one-loop corrections with one graviton exchanging to the scattering amplitude of massless fermion-fermion and fermion-antifermion, it has been shown that the running of the Yukawa coupling would be process dependent, i.e., what appears to be an asymptotically free coupling constant in one process, turns out to run in the opposite direction in other.
In this work we investigate the role of the gravitational corrections, in the presence of a cosmological constant, to the scattering amplitude of massless scalar particles at one-loop order. Using dimensional regularization in the minimal subtraction scheme to renormalize the one-loop amplitude, we show that a positive cosmological constant Λ modifies the running behavior of the λφ 4 coupling constant in the direction of asymptotic freedom. Because of the magnitude of the observed cosmological constant (∼ 10 −47 GeV 4 ), the quantum gravitational correction to the beta function of λ is very tiny presenting no phenomenological consequences, but this result hints that a complete theory of quantum gravity can play an important role to avoid the issue of triviality in quantum field theory.
The article is organized as follows. In Sec. II we present the model and evaluate the propagators. In Sec. III we compute the scattering amplitude between two neutral scalar particles in gravitational and self-interaction. We also renormalize the amplitude and compute the beta functions of the coupling constants. In Sec. IV we present our final remarks and conclusions.
II. SCALAR FIELDS COUPLED TO GRAVITY
A model which describes interacting scalar fields coupled to the Einstein gravity can be defined by the following action
where Λ is the cosmological constant and κ 2 = 32πG, with G being the Newtonian gravitational constant. The dots stand for gauge-fixing and Fadeev-Popov terms, as well as high order terms such as λ 1 φ 2 ∂ µ φ∂ µ φ.
We will consider the gravitational field quantized for small fluctuation around flat metric,
where η µν = (1, −1, −1, −1) and h µν is the graviton field. Even though flat space-time is not solution of Einstein's equation in the presence of a cosmological constant, it is enough to consider it since our goal is to study the quantum corrections to the renormalization of the coupling constant λ [9] . Because of this, the scattering amplitude is evaluated off-shell.
The metric and its inverse must satisfy g µρ g ρν = δ µ ν , therefore the inverse metric and the square root of minus determinant of the metric up to order of κ 2 can be cast as
where
Let us employ the harmonic gauge-fixing condition,
wherec µ and c ν are the ghost fields.
Since we are interested in study the scattering of the scalar particles at one-loop order, it
is not necessary to deal with the ghost particles because they are not present in such process up to that order. The propagators of the relevant fields of the model can be cast as
The main effect of the presence of a cosmological constant in the weak field approximation of the Einstein's gravity is the generation of a massive pole to the graviton propagator [22] , as we see from Eq.(6). Moreover, in our approach there is a linear term of type Λh in the expanded Lagrangian which can be interpreted as a source for the gravitational field [22] . Now, let us compute the quantum gravity corrections to the scattering amplitude between two scalar particles in self-interaction. We will use dimensional regularization [23] to evaluate the integrals and minimal subtraction scheme to renormalize the amplitude.
III. AMPLITUDE SCATTERING BETWEEN SCALAR PARTICLES
A. Tree level amplitude
The tree level Feynman diagrams of the scattering amplitude between two scalar particles, Figure 1 . The corresponding amplitude is given by
In fact, here we should consider the contribution from the higher order operator
). But, to avoid unnecessary complications, we will consider that the coupling λ 1 is entirely generated by quantum corrections, and without loss of generality we will take λ 1 = 0 at tree level. Moreover, we are computing the off-shell scattering amplitude, since the flat space-time is not solution of the Einstein's equations in the presence of a cosmological constant. A similar approach was done in earlier papers [9, 12] .
B. One-loop corrections
Let us compute the divergent part of the one-loop corrections to the scattering amplitude φ + φ → φ + φ. To do this we use dimensional regularization (which is known to preserve gauge invariance) to evaluate the integrals over the loop momentum and minimal subtraction scheme (MS) of renormalization. Therefore, we have to redefine the coupling constants as
where δ λ and δ λ 1 are the counterterms and the index r means renormalized quantity, that we will omit hereafter.
The divergent part of the one-loop contribution to the scattering amplitude φ+φ → φ+φ, Figure 2 , is given by 
where = (4 − D) (D is the space-time dimension) and s = (
and u = (p 1 − p 4 ) 2 are the Mandelstam variables, with (p 1 , p 2 ) and (p 3 , p 4 ) being the incoming and outgoing momenta, respectively. Some details of the amplitude construction and evaluation of the integrals over loop momentum are given in the Appendix.
As we mentioned above, we considered that the coupling λ 1 is entirely generated by quantum corrections, so λ 1 = 0 at tree level. Therefore, the vertex containing λ 1 does not appear at one-loop process, but we will need the counterterm δ λ 1 to renormalize the amplitude properly [20] , separating what renormalizes λ and what renormalizes the relevant higher order operator, i.e., λ 1 . We choose to keep κ fixed, then it will not receive any correction. This choice is based on the arguments given by the authors of Ref. [24] , which have shown that the running of the gravitational coupling constant should be process dependent.
Let us subtract the poles from the total amplitude M = M tree + M 1loop at the Euclidean momenta p
. Following a similar suggestion presented in Ref. [21] , let us choose the renormalization conditions as
where sp stands for the quantity between parentheses evaluated at subtraction point. Eqs.
(12) and (13) are the conditions for the renormalization of the couplings λ and λ 1 , respectively.
The renormalization of the higher order operator comes with a factor of M 2 when evaluated at sp, then its counterterm appearing in the tree level amplitude is δλ 1 M 2 . Having this statement in mind, the renormalization conditions above are given by
and
From the equations above, we obtain the counterterms
Through the knowledge of the counterterms and reminding that the relation between the bare and renormalized coupling is λ 0 = µ Z λ λ = µ (λ + δ λ ), we can evaluate the β-functions of the couplings λ and λ 1 . Considering κ and Λ fixed, and since the bare couplings do not depend on µ, we obtain
The beta function given in Eq. (17) suggests that gravitational (in the presence of a cosmological constant) can change the running behavior of λ, protecting it from quantum triviality. Of course, this can not be considered a solution to the problem involving the Higgs sector of the SM, but we believe it seems like a good direction to search for answers.
This effect due to cosmological constant is similar to that obtained for the electric charge in
Ref. [18] through effective action techniques. If we put the cosmological constant to vanish this effect is destroyed and gravitational corrections only renormalize a higher order operator.
IV. CONCLUDING REMARKS
In summary, we have evaluated the one-loop gravitational corrections to the scattering of scalar particles up to O(κ 2 ). For a fixed gravitational coupling constant κ and the cosmological constant, we have shown that gravitational corrections to the beta function of λ is a negative term proportional to Λ, therefore driving λ to run in the direction of asymptotic freedom. Considering the magnitude of the observed Λ (∼ 10 −47 GeV 4 ), such effect has no practical phenomenological consequence, but it indicates that a complete theory of quantum gravity should preserve field theories from quantum triviality. In addition, we have not considered massive scalar particles. When massive particles are considered, a
Feynman diagrammatic approach presented in [25] indicates that gravitational corrections to the running of coupling constant λ also present a running behavior of asymptotic freedom.
This type of effect, that is proportional to the mass squared, is more severe than that from cosmological constant. We think that the computation of the scattering amplitude for massive particles should corroborate such result. 
APPENDIX: ONE-LOOP SCATTERING AMPLITUDES
Let us give some details about the calculation of the one-loop corrections to the scattering amplitude between two scalar particles, Figure 2 . To evaluate the integrals over internal momentum q, we have expanded the integrand for small values of external momenta p i and used dimensional regularization to calculate them. In fact, we consider massive scalar particles to regulate some potentially IR divergence and take the limit m → 0 in the end of calculation.
At one-loop are twenty-six Feynman diagrams that contribute to the process, we limited ourselves to evaluate the quantum gravitational correction up to order of κ 2 , corresponding to processes with one graviton exchanging. To build and manipulate the amplitude, we used the Mathematica c packages FeynArts [26] and FeynCalc [27] .
The corresponding expressions to the one-loop diagrams Figure 2 are given by 
